ABSTRACT Antibody response, an important trait in both agriculture and biomedicine, plays a part in protecting animals from infection. Dissecting molecular basis of antibody response may improve artificial selection for natural disease resistance in livestock and poultry.
INTRODUCTION
The improvement of livestock and poultry for natural disease resistance is an important goal in animal production. There are obvious benefits in identifying and raising animals with strong natural disease resistance, including reduced use of antibiotics for general well-being and performance. As antibody-mediated immune response or antibody response can neutralize, kill, and eliminate invading pathogens from animal body, dissecting the molecular basis of antibody response may provide a foundation for improving animals' natural disease resistance. Selection for antibody response may improve vertebrate disease resistance . The level of antibody production or antibody titer is a feature of antibody response. Data indicate that the level of antibody against sheep red blood cells (anti-SRBC titer) is a quantitative trait controlled by a number of genes (Feingold et al., 1976; Puel et al., 1995; Dorshorst et al., 2011 cific antigen, SRBC, a T-cell-dependent, non-specific antigen, is preferentially used in the studies to dissect molecular basis of antibody response. Mammalian erythrocytes have a number of membrane proteins on their surface, including glycophorins, blood group antigens, and glycosyl phosphatidylinositol (Chasis and Mohandas, 1992; Fukuda et al., 1993) . Because heterogeneous erythrocytes are multi-determinant and strongly immunogenic antigens, their use is likely to identify more genes for antibody response than a specific antigen, such as a virus or a bacterium. However, recent studies show that chickens selected for high anti-SRBC titers have stronger resistance to some pathogens, but are more susceptible to some other pathogens, than those selected for low anti-SRBC titers . It is additionally found that antibody response is associated with other economic traits, such as body weight, egg quality, and reproduction Albrecht et al., 2012) . These findings suggest it is necessary to fully understand molecular basis of antibody response.
Antibody response is a quantitative trait controlled by multiple genes (Feingold et al., 1976; Biozzi et al., 1979; van der Zijpp et al., 1983) . It is well known that MHC and IgH genes play an important role 2099 in antibody response, but evidence indicates that non-IgH and MHC genes still account for about 40% of genetic variation of antibody production . Identification of the non-IgH and MHC genes constitutes a challenge to geneticists as these genes have minor effect on antibody response. Linkage-based association studies have identified a number of genetic markers associated with anti-SRBC response in the chicken. Using a resource half-sib family of 160 backcross and intercross chickens derived from a cross between 2 meat-type lines divergently selected for high or low antibody response to E. coli, Yonash et al. (2001) detected quantitative trait loci (QTL) affecting antibody response with 25 microsatellite DNA markers covering about 25% of the chicken genome (Yonash et al., 2001) . They found that the ADL0146 marker on chromosome 2 exhibited significant association with primary anti-SRBC titers (7 d post-injection of SRBC). Zhou et al. (2003) selected 66 evenly distributed informative microsatellite markers from approximately 200 microsatellites across the chicken genome for identification of DNA markers associated with anti-SRBC titers (Zhou et al., 2003) . Using a F2 population derived from crossing of genetically distinct, highly inbred chicken lines, the Leghorn G-B1, with either of the MHC-congenic Fayoumi M15.2 and M5.1 lines, they identified a number of microsatellites associated with primary anti-SRBC titers (Zhou et al., 2003) . Using a F2 resource population originated from a cross of 2 divergently selected lines for either high or low primary anti-SRBC titers, Siwek et al. (2003) detected QTL involved in the regulation of the primary and the secondary immune response to SRBC with 170 microsatellite DNA markers (Siwek et al., 2003) . Similarly, using genetic lines that are also divergently selected for either high or low antibody response 5 d post-injection of SRBC, Dorshorst et al. (2011) detected 11 genomic regions associated with primary anti-SRBC titers with 1,024 genetic markers (Dorshorst et al., 2011) . More recently, using the chicken 60K highdensity single nucleotide polymorphism (SNP) array, Zhang et al. (2015) performed a genome-wide analysis study (GWAS) on a population of 720 Beijing-You chickens and identified 10 suggestive SNPs associated with anti-SRBC titers (Zhang et al., 2015) . So far, there are 45 DNA-marker-defined genomic regions or QTLs for anti-SRBC listed on the following websites (http://www.animalgenome.org/cgi-bin/QTLdb/GG/ traitmap?trait ID = 2073; and http://www. animalgenome.org/cgi-bin/QTLdb/GG/traitmap? trait ID = 2263). These QTLs are distributed over chicken chromosomes 1, 2, 3, 5, 6, 7, 9, 10, 11, 15, 16, 23, 24, and 27 . Importantly, existence of QTLs for anti-SRBC titers on chromosomes 1, 2, 5, and 16 are demonstrated by at least 3 of the studies with different chicken populations as mentioned above, and this consistency not only suggests these chromosomes probably contain QTLs with major effect on anti-SRBC titers, but also provides a validation on these QTLs.
However, compared to global expression profiling, the association studies do not pinpoint genes for the trait of interest.
Microarray technology is a powerful tool for analyzing mRNA abundance in cells or tissues on a genome-wide scale. Microarray-based transcription profiling analysis has been applied to many types of biological inquiry (Spellman et al., 1998; Yang et al., 2002; Oberthuer et al., 2006) . Identification of candidate genes is an important inquiry. Based on differential expression of genes in cells or tissues under different conditions, candidate genes responsible for a selected phenotype may be identified. Microarray-based geneexpression profiling has been used in several immuneassociated studies. For example, Hutton et al. (2004) identified genes preferentially expressed in immune tissues and cell types. Hess et al. (2004) assessed gene expression changes of naive CD4+ T cells in response to T-cell receptor-mediated activation. However, antibody response to heterogeneous erythrocytes (e.g., SRBC) has not been investigated using microarray-based global transcription profiling.
In this study, we utilized Affimetrix GeneChip Chicken Genome Arrays to identify differentially expressed genes (DEGs) for antibody response to sheep red blood cells (anti-SRBC). First, the chickens challenged with or without SRBC were used to screen for DEGs that are involved in antibody response, then the chickens with higher and lower anti-SRBC titers were used to screen for DEGs that are responsible for the level of antibody production. This study thus provides a foundation for understanding the molecular basis of antibody response.
MATERIALS AND METHODS

Animals and Tissue Collection
A total of 152 1-day-old female chicks were purchased from Fairview Hatchery Company (http://www.fairviewhatchery.com).
These birds were from a random-bred egg-production strain unselected for antibody production called the Best White Leghorn Egg Layer, which has a medium-size body and lays 300 to 325 white eggs per year. All birds were housed on a wood chip-covered floor. They did not receive vaccinations and were given access to water and feed ad libitum. The feed was a pullet starter with 19% crude protein and the required metabolic energy, which met or exceeded National Research Council 1994 requirements. The feed also was supplemented with coccidiostat. When chicks were 45-d old, 10 of them, as a non-challenged (N) group, were mock-challenged with 0.1 mL of 0.9% saline via the brachial vein, while the rest were administered with 0.1 mL of 0.5% suspension of SRBC. Antibody titers to SRBC were determined 5 days post-injection by hemagglutination assay was described . Titers were expressed as log 2 of the reciprocal of the highest dilution in which there was hemagglutination. Ten birds with average anti-SRBC titers were considered as group A, and 15 birds with extremely high or low anti-SRBC titers were considered as H or L groups, respectively. The birds were all sacrificed on the next day. Each spleen was immediately collected and put into RnaLater R according to the manufacturer's instruction (Qiagen Inc., Valencia, CA). All animal protocols were approved by Institutional Animal Care and Use Committee of Virginia Tech.
Total RNA Isolation and Pooling
Total RNA was extracted from chicken spleen using the RNeasy Mini Kit according to the manufacturer's recommended protocol (Qiagen Inc., Valencia, CA). The quality of individual RNA samples was determined using an Agilent BioAnalyzer 2100, and RNA concentration was determined by nano-drop spectrometer. The RNA samples were treated with DNase (Qiagen Inc.) to digest genomic DNA. Equal amounts of total RNA from individual samples then were pooled for each group. For the N or A groups, individual RNA samples from 10 birds were used. For the H or L groups, individual samples were obtained from 7 birds, and the rest were used to make 2 pools for each group. The pooled RNA samples were subjected to assays of quality and quantity.
Microarray Assay
GeneChip Chicken Genome Arrays were purchased from Affymetrix (Santa Clara, CA). Each array contained 32,773 transcripts corresponding to over 28,000 chicken genes (https://www. affymetrix.com/support/technical/datasheets/chicken datasheet.pdf). Ten micrograms of total RNA were labeled and hybridized to the array according to the Affymetrix protocol (http://www. affymetrix.com/support/technical/manual/expression manual.affx). Briefly, 10 μL of the total RNA were converted to double-stranded cDNA using the SuperScript Choice System (Invitrogen Life Technologies, Carlsbad, CA) and T 7 -(dT) 24 primer (Affymetrix, Santa Clara, CA). After digestion of double-stranded cDNA, biotin-labeled cRNA was synthesized from the cDNA with the BioArray High Efficiency RNA Transcript Labeling Kit (Affymetrix, Santa Clara, CA). The cRNAs then were purified and fragmented to sizes ranging from 35 to 200 bases by incubation at 94
• C for 35 min. Fifteen μg of the fragmented cRNA was hybridized to a GeneChip at 45
• C with 45 rpm for 16 hours. The GeneChips were washed and stained with streptavidine-phycoerythrin after hybridization, and the signals were further amplified with biotinylated antibody, goat IgG, and another staining with streptavidine-phycoerythrin using Affymetrix Fluidics Station 400 operated by GCOS1.4.0 operation system. Finally, the GeneChips were scanned with an Agilent GeneArray Scanner 3000. Each pooled RNA sample was hybridized to 2 GeneChips for technical duplication.
Microarray Data Analysis
A DNA Chip Analyzer (dChip, Li and Wong, 2001a,b) was used for low-and high-level analyses of microarray data. The microarray data initially used by dChip were the * .CEL files created by Affymetrix Microarray Suite Version 5.0 (MAS5.0, Affymetrix), which contained the expression "signals" acquired from scanning the GeneChips. The low-level analysis included image segmentation, background correction, normalization, model-based expression calculation, and outlier detection. Briefly, the "invariant set normalization" method (Li and Wong, 2001a) was used to normalize all GeneChips to a baseline chip (LAb2-2), which had the median feature intensity. Expression level then was calculated using a perfect match-mismatch difference model (Li and Wong, 2001b) . The model is fit iteratively for each probe set with removal of outliers. The outliers include single, probe, and array outliers (Li and Wong, 2001b) . The high-level analysis included identification of DEGs and gene classification with gene ontology (GO) or protein domain (PD) terms. The DEGs were identified by comparing N with A or L with H data sets. The comparison criteria included fold-change between the group means (not log transformed) exceeding 1.3 using the lower 90% confidence bound or the difference in expression values (not log transformed) between the groups exceeding 300. The median false discovery rate (FDR) was estimated by permutation with n = 1,000 for multiple-comparison adjustment (Li and Wong, 2001b) .
Bioinformatics Analysis
Chromosomal locations of differentially expressed genes were determined using their accession numbers in GenBank. Briefly, their accession numbers were used to search against the UniGene database in GenBank for their mRNA sequences, followed by sequence alignments of these sequences against the assembled chicken genome sequence (May 2006 assembly) using the BLAT tool, which is available the UCSC genome bioinformatics site: http://genome. ucsc.edu/cgi-bin/hgBlat?command=start.
RESULTS
Anti-SRBC Titers
The mean anti-SRBC titers (log 2 -transformed) for the A, L, H, and all the challenged birds (142 birds except 3 dead) were 7.00, 5.17, 8.37, and 6.78, Table 2 shows the quality profile of the raw data from the microarray experiments. The non-normalized median intensity, the percentage of present calls, the percentage of array outliers, and the percentage of single outliers ranged from 148 to 197, 53.5% to 59%, 0.057% to 1.056%, and 0.088% to 0.327%, respectively.
Quality Profile of Raw Data
Differentially Expressed Genes
Three genes, including IgG H-chain 3 -region (HC86) C part (Gga.2929), Ig rearranged light-chain mRNA C-region (Gga.4110), and MHC class I antigen (Gga.9239), were identified as differentially expressed in the chickens with high vs. low anti-SRBC titers using the comparison criteria as indicated in the Methods (Table 3 ). All of these genes were upregulated in H compared to L. The fold change in gene expression ranged from 1.51 to 2.04. Two of the 3 genes are located on chromosomes 15 and 16, with one not mapped. It is known that these genes have known functions in regulating antibody titers.
Similarly, 7 genes, indicated by 9 probe sets, were identified as differentially expressed between N and A, using the same criteria as for H-L comparison (Table 4) . However, choosing the criteria for this comparison was not based on the estimated median FDR, because N and A groups did not have biological replicates but only technical replicates, and the median FDR could not be estimated. Interestingly, IgG H-chain 3 -region (HC86) C part (Gga.2929) was also identified as differentially expressed between H and L groups, and the gene similar to class I alpha chain (Gga.9260) was simultaneously identified by 3 different probe sets, including Gga.16267.1.S1 at, Gga.16267.1.S1 s at, and Gga.9260.1.S1 at. In Affymetrix GeneChips, the same a Each array was hybridized with pooled RNA sample for each of the groups including nonchallenged (N), average (A), low (L), and high (H). N denotes birds not challenged with sheep red blood cells (SRBC). A, L and H are those birds showing average, low and high mean anti-SRBC titers, respectively. Each pooled RNA sample had technical replicates, which are indicated by the last digits (1 or 2) in the array identity (ID) numbers. The pooled RNA sample(s) for each group was made from individual total RNA samples that were extracted from individual chicken spleen. H and L groups each have 2 pooled samples indicated by the first digits (1 or 2) in the array identity (ID) numbers.
b The number of individual total RNA samples used for making the pooled samples. c The non-normalized median value of fluorescence intensity across each microarray. d The percentage of probe sets called "Present" in an array. A "Present" is assigned using a Detection p-value, which is evaluated against user-definable cut-offs to determine the Detection call. The Detection p-value is generated by the Detection algorithm with the use of probe pair intensities (see Data Analysis Fundamentals, http://www.affymetrix.com/index.affx).
e The percentage of probe sets called "Array-outlier" in one array. Array outliers refer to an unusual probe response pattern in one array, which is different from the probe response pattern seen in most arrays (http://biosun1.harvard.edu/complab/dchip/manual.htm).
f The percentage of "probe pairs" called "single-outlier" in one array. Single outliers are identified using absolute residuals. If a data point has its absolute residual exceeding both the corresponding array-wise residual threshold and the probe-wise residual threshold, it is called as a single outlier (http://biosun1.harvard.edu/complab/dchip/manual.htm). Gga.19558) , and heat shock protein (Gga.4942), were down-regulated with fold-change ranging from -1.87 to -1.43, while the rest were upregulated with fold change ranging from 1.5 to 1.97 in the A group when compared to the N group. These genes are located on chromosomes 1 (2 genes), 5(1), 16(1), and 27(2), with 2 genes unmapped. In addition, gene annotations indicated that these genes are heat shock protein 25, heat shock protein 70, lectin-like protein, IgG H-chain 3 -region (HC86) C part, purinergic receptor P2Y, a gene similar to MHC class I alpha chain, and a gene similar to copine VII. A gene class test of these genes indicated that the response of the chicken to intravenous injection of SRBC involved multiple biological processes, including antibody response (Table 5 ). In particular, heat shock protein 25 (Gga.985), purinergic receptor P2Y, G-protein coupled 8 (Gga.19558), heat shock protein (Gga.4942), the gene similar to class I alpha chain (Gga.9260), lectinlike protein (Gga.37935) were significantly connected to GO terms that included response to stress or other different stimuli, sugar, carbohydrate or protein binding, and cell or soluble fraction (P < 0.001).
It is noteworthy that this study used pooled samples instead of individual samples for expression profiling analysis to identify genes that were differentially expressed between N and A groups. Although pooling individual samples results in loss of biological information and thus fewer DEGs to be identified, it can reduce sample variation to maintain the credibility similar to individual samples for most DEGs when a very limited number of chip assays are performed. Therefore, in this study the quality of expression profiling analysis with pooled samples was probably as good as that with individual samples; that is, the genes differentially expressed between N and A were strong candidate genes for antibody response to SRBC in the chicken.
DISCUSSION
Candidate genes underlying a quantitative trait can be identified by oligonucleotide array-based gene expression analysis (Wayne and McIntyre, 2002; Carr et al., 2007; Scherzer et al., 2007) . The number of the candidate genes can be further reduced when combined with QTL mapping (Wayne and McIntyre, 2002; Joe et al., 2005; de Buhr et al., 2006; Lai et al., 2007) . Identifying genes differentially expressed under different conditions or statuses proves a robust approach for microarray-based identification of candidate genes (Carr et al., 2007) . Although different types of gene expression arrays are commercially available, the in situ synthesized oligonucleotide arrays, including the Affymetrix GeneChip, are the most comprehensive and complex. This is because Affymetrix GeneChip arrays employ unique array designs in addition to stringent probe selection strategies, including multiple probes for each gene, pairing of a perfect match probe with a mismatch probe, and automated control of the experimental process (Budhraja et al., 2003) . These aspects of array design bring about high sensitivity and reproducibility.
Pooling individual samples when carrying out microarray-based transcript profiling analysis is commonly used for reducing experimental costs and sample variation, although it could result in loss of biological information. (Kendziorski et al. (2005) evaluated the utility of pooling and its impact on the efficiency of identifying DEGs and found that inference for most genes was not adversely affected by pooling. They also recommended that pooling be done when fewer than 3 arrays are used for each experimental condition.
In this study, DEGs were identified between the chickens with (A group) or without (N group) SRBC challenge or between the chickens with high (H group) and low (L group) anti-SRBC response using Affymetrix GeneChip arrays. The quality of raw data appeared to be good, which was evidenced by the consistency of the non-normalized median intensities across arrays, the high percentage of present calls, and the low percentages of single and array outliers (Table 2) . It also was supported by the discovery of the DEGs, i.e., IgG H-chain 3 -region (HC86) C part (Gga.2929) and the gene similar to class I alpha chain (Gga.9260), which were simultaneously identified by the 2 comparisons (H-L and A-N) and by 3 different probe sets, respectively, though only a few genes were totally identified. For each of them, the direction and level of gene expression were consistent, and biological or technical variations for gene expression level were small within each group.
In this study, the A-N comparison identified more DEGs than the H-L comparison (Tables 3 and 4 ). The outcome seems reasonable because it is possible for genes to respond to SRBC challenge without influencing anti-SRBC titers. Therefore, it is suggested that the H-L comparison is more efficient in the identification of candidate genes influencing antibody titers than the A-N comparison, although the latter may provide information useful to help in understanding the molecular basis of antibody response to SRBC challenge. The A-N comparison indicated that antibody response to SRBC challenge involved multiple biological processes in addition to immune response, including cell or soluble fraction; response to stress or other different stimuli; and sugar, carbohydrate, or protein binding (Table 5) . Interestingly, genes including heat shock protein 25 (Gga.985), heat shock protein 70 (Gga.4942), and purinergic receptor P2Y (Gga.19558) , which are involved in response to stress, were down-regulated in response to SRBC challenge (Table 4) . In this study, IgG H-chain 3 -region (HC86) C part and genes similar to MHC class I were identified as DEGs by both comparisons (H-L and A-N), suggesting that they play roles in response to SRBC challenge and the regulation of anti-SRBC titers (Tables 3 and 4 ). The roles of MHC and IgH genes in the regulation of anti-SRBC titers were previously described by Puel et al. . However, it is noteworthy that genes similar to MHC class I could be novel candidate genes since the annotations of these genes were based only on sequence similarity. The rest of the DEGs were identified by either of the comparisons. The Ig rearranged light-chain mRNA C-region gene was identified only by H-L comparison, suggesting that it may involve regulation of anti-SRBC titers. Previous studies have shown that Ig genes can influence antibody response (Rees and Nordskog, 1981; Butler, 1998) . Successful identification of MHC and IgH genes illustrated the efficiency of the approach employed in this study to identify genes involved in antibody response. The ratio of the number of the DEGs that are annotated to a gene class term to the number of the DEGs that are annotated to all gene class terms found by dChip software.
c
The ratio of the number of genes that are annotated to a gene class term to the number of genes in the database that are annotated to all gene class terms found by dChip software. The genes used here are retrieved from the annotation CSV file (7/14/06) for the chicken genome, http://www.affymetrix.com/Auth/analysis/downloads/na22/ivt/Chicken.na22.annot.csv.zip.
d
The statistical significance for the enrichment of the DEGs assessed by gene classification test with either GO or PD term.
Additionally, genes including heat shock protein 70, purinergic receptor P2Y, heat shock protein 25, lectinlike protein, and a gene similar to copine VII, were identified by the A-N comparison. The former 2 genes were previously reported as differentially expressed genes in response to viral infections (Ye et al., 2001; Degen et al., 2006) . By comparison, we found that some candidate genes for anti-SRBC titers identified in this study were within or near the genomic regions defined by antibody response-associated DNA markers in previous studies. These genes are as follows: purinergic receptor P2Y, G-protein coupled, 8 (chr1:133,187,192-133,213,127) that is ∼1 Mbp far from a SNP (rs14887121, chr1: 134.2 Mbp) marker (Dorshorst et al., 2011) , Ig rearranged light-chain mRNA C-region (chr15:8,172,126-8,176,698) that is located within the genomic region (chr15: 2.2-10.6 Mbp) defined by microsatellite markers MCW0031 and MCW0080 (Siwek et al., 2003) , MHC class I antigen (chr16: 351, 122) and gene similar to class I alpha chain (chr 16: 291,286-354,282 ) that are located within the genomic region (chr16: 0.1-0.4 Mbp) defined by microsatellite markers MCW0370 and MCW0371 (Siwek et al., 2003) , and heat shock protein 25 (chr27:4,486,394-4,487,253 ) that is 0.3 Mbp far from the genomic region (chr27: 0.1-4.1 Mbp) defined by microsatellite markers MCW0350 and ADL0376 (Siwek et al., 2003) . Interestingly, we found purinergic receptor P2Y, G-protein coupled, 8 (chr1:133,187,192-133,213,127 ) is also ∼0.3 Mbp far from a SNP (rs13937877, chr1: 133,493,971 Mbp) marker associated with antibody response to avian influenza virus (Zhang et al., 2015) or ∼0.02 Mbp far from a SNP (GGaluGA043691, chr1: 133,232,594) marker associated with antibody response to infectious bronchitis virus (Luo et al., 2014) ; and heat shock protein 70 (chr5:55,409,841-55,412,160 ) is 1.1 Mbp far from a SNP (rs14549067, chr5: 54,301,518) marker associated with antibody response to infectious bronchitis virus (Luo et al., 2014) . This consistency of our study with previous studies suggests our candidate genes for anti-SRBC titers are validated to some extent, and some of the genes also regulate antibody response to other pathogens.
In this study, the fold-changes (1.51 to 2.04) of expression of the DEGs were much smaller than the ratio (9.2) of H to L in mean anti-SRBC titers. This could be explained by cascade amplification of signaling pathways that involve antibody response to SRBC challenge. Another possible explanation is that spleen was the only examined lymphoid organ. Examining more lymphoid organs (e.g., lymph node and bursa of Fabricius) may allow us to identify more DEGs for primary antibody response to SRBC.
